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SUMMARY 

Icing data collected on routine  operations by four  DC-4-type air- 
craf t  equipped with NACA pressure-ty-pe icing-rate  meters  are  presented 
as preliminary  information  obtained from a s ta t i s t ica l   i c ing  data pro- 
gram sponsored  by the NACA with  the  cooperation of magy a i r l i ne  companies 
and the  United States A i r  Force, The program i s  continuing on a much 
greater  scale t o  provide  large  quantities of data from many air routes 
i n  the  United  States and overseas. Areas not  covered  by  established a i r  
routes  are  also  being  included  in  the  survey. 

The four a i rc raf t  which collected  the data presented in  this  report  
were operated by United Air Lines  over a transcontinental  route from 
January  through May, 1951. An analysis of the  pressure-type  icing-rate 
meter w a s  satisfactory f o r  collecting  statist ical   data  during  routine 

fou r  instrumented aircraft,  although  insufficient f o r  a conclusive ' 

statistical  analysis,  provide  a  greater  quantity and considerably more 
r ea l i s t i c  inf'ormation than that obtained from random research flights. 
A summary of s ta t i s t ica l   da ta  w i l l  be published when the  information 
obtained during the 1951-52 icing season and that  to  be  obtained  during 
the 1952-53 season can be  analyzed and assenfbled. The  1951-52 data 
already  analyzed  indicate that the  quantity,  quality, and range of 
icing  information  being  provided by this expanded program should afford 
a sound basis  for  ice-protection-system  design by definhg the fmportant 
meteorological  parameters of the  icing cloud. 

- operations. Data obtained on routine flight icing  encounters from these 
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The meteorological  phase of the  icing  research program conducted 
by the NACA has been  previously  confined to  research flights into  icing 
conditions. These in-f l ight  measurements  of the meteorological  quanti- 
t ies  associated  with  aircraft   icing (summarized i n  reference 1) have 
been limlted t o  a relat ively S D E L ~ ~  nuniber of f l i gh t s  over  confined  sec- 
tions of the  country and have thus  provided  only  tentative  design 
criteria,  for ice-protection systems. 

The majority of the research flights into  icing  conditions were 
made by  attempting to   s e l ec t  weather  conditions, f l ight  paths,  and a l t i -  
tudes,  which  would yield heavy or continuclus icing.  Multiple  traverses 
were often made when such conditions were found. It is  hpossible, 
therefore,   to determine from this  inform&tion-the.extent  or  frequency 
of specified  icing  conditions  that would be encountered  during normal 
fl ight  operations such as those  experienced  by  airlines on routine 
schedules.  Additional  data are needed to   substant ia te  or t o  modify the 
ice-protection-system  design  conditions i n  order that all-weather pro- 
tective  designs can be accompliehed with the larest possible  penalties 
in terms of performance and payload. Sta t i s t ica l   i c ing  data obtained 
from routine  operations  could  serve  both as 8 basis for optimum design 
of ice-protection systems and as an aid t o  the  operator tn prescribing 
fl ight-control procedures,  such as preferred al t i tudes,  which would 
avoid or m-ln-lm-Ize hazardous  icFng conditions. 

c 

rl 

With the  realization of t h i s  need for  additional information, t h e  
NACA Lewis laboratory  has b i t i a t e d  a program i n  cooperation w i t h  the 
major a i r l ines  and the United States A i r  Force to  obtain measured icing 
data encountered  during mutine  operations. These data  include meamre- 
ments of icing  rate,  liquid-water  content computed from ic ing   ra te  and 
airspeed,  temperature,  duration of icing,  observations of the geographic 
location,  type of ice, and effect  of icing on the  a i rcraf t .  Although 
cloud  droplet-size  values  are needed t o  complete the  meteorological va r i -  
ables associated  with  aircraft  icing, R knowledge of the  liquid-water 
content  without knowledge of the  droplet  sizes can be useful in  estab- 
lishing  ice-protection-design  criteria  for  cases where droplet-size 
variations do not  significantly  affect   the  rate of ice  collection. 

This  report  presents  the data collected by four  transport   aircraft  
equipped  with  pressure-type  icing-rate  meters  supplied t o  United A i r  
Lfnes by the EJACA. These a i r c ra f t  were flown over a transcontinental 
route  across  the  central part of the United  Stgt-es-between S&n Francisco 
and New York City  during  the  period from early January t o  about the end 
of May, 1951. Th i s  survey  covers only t h e   i n i t i a l  phase of a program 
which w i l l  use  over 50 meters to   col lect   s ta t is t ical   ic ing  data  over 
many air routes  both i n   t h e  United  States and overseas. Areas outside- 
of established  air  routes are also being included in   t he  program  which 
w i l l  be continued f o r  at least two subsequent lcing  seasons. r 
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These data  are  presented i n  this preliminary  report t o  show the  type 
of  data that can be  obtained from the  pressure-tyye  icing-rate meter 
instal led on a i r l ine   a i rc raf t  and t o  provide some tentative  information 
which may be of m r t a n c e  in v i e w  of the lack of any previous informa- 
t ion  of  this type. T h e  quantity of data is  insufficient f o r  a conclusive 
s ta t is t ical   analysis ,   but  i s  presented  herein f o r  possible  use  by air- 
craft  designers and operators  before  additional  data can be  collected. 

. 

Description and operation of icing-rate meter. - The icing-rate 
meter  used on the  airl ine  transports vas  developed specifically  for  the 
purpose of collecting  icing data by the ITACA LewLs laboratory and is 
fully  described  in  reference 2. A photograph of the  individual  units 
of t h i s  meter is shown in   f igure  1.- 

The principle of operation of the  icing-rate m e t e r  is i l lus t ra ted  
in  f igure 2, which shows an ice-collecting element containing t o t a l -  
pressure holes mounted in the air stream and  connected t o  a .different ia1 
pressure  switch. The total   pressure from the element is balanced  against 
en ice-free  total-pressure system (the  conventional  pressure system i n  
the   a i rc raf t ) .  When the  holes i n  the  ice-collecting element start t o  
plug  because of ice  accretion,  the  pressure in the system becomes 
unbalanced  and a t  a given value of differential  pressure, the switch 
energizes an electric  heater which de-ices  the  ice-plugged  holes. The 
heat-off  time of this cyclic  process i s  an inve r se  function of the  ra te  
of ice accumulation on the element and can be used as a measure of the 
icing rate provided that the  ice  thickness  requlred  to  plug  the  holes is 
known. This  ice thickness was determined from previous  calibrations in 
the Lewis Icing Research  Tunnel. The calibration curve for  the ins t ru-  

determined by the  cloud  liquid-water  content,  the air  velocity, and the 
collection  efficiency of the element. 

,. ment is shown in   f igure  3. The ic ing  ra te  on the sensing element is 

A n  NACA flight-type  recorder was used to  record on photographic fi lm 
the  icing rate ( i n  terms of heat-off time), the  indicated  airspeed, and 
the  pressure  altitude. The recorder  started  automatically at  t h e   i n i t i a l  
plugging of the  holes and continued until turned off manually a f t e r  an 
icing  encounter. A s e t  of indicating  Lights was mounted on the   p i lo t ' s  
instrument  panel f o r  visual indications of the icing  intensity, of the 
operation of the  recorder, and of when the  film  supply i n  the  recorder 
was exhausted. An icing  encounter was immediately  revealed t o  the pi lo t  
by periodic  flashing of the  ichg-rate  Sight whfch w a s  connected i n  
parallel  with  the  heating  circuit. The icing  intensity  could  be  deter- 
mined by the time between flashes of this  Ught.  

Y 
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Installation of icing-rate meters on a i rc raf t -  - The icing-rate 
meters w e r e  installed on four engine (X-4-type) aircraft. The ice- 
collecting element was mounted on the top left  side of the fuselage 
about 4 feet back frm the pi lo t  ' 8  windshield. The airspeed and the 
al t i tude pressures for  the recorder were 
t o t a l  and static-pressure system in  the 
positioned that the film supply  could be 
flight or on the ground. 

Recording aqd assenibling of data. - 
instrument were recorded on photographic 

obtained from the  conventional 
a i rcraf t .  The recorder was so 
replaced  easily  either  in 

The data obtained with the 

film 2 ~ - i n c h e s  wide and 7 

20-feet long contained in a magazine or drum which mounted on the 
recorder  unit. An electr ic  motor advanced the film a t  a constant speed 
of about 1 inch  per minute; this provided  approximately 4 hours of data 
recording. When the  indicating  light showed that the film had been 
completely exposed, the drum was replaced a t  a ground station and 
shipped t o  the Lewis laboratory for developing  and  reloading. Replace- 
ment drums were kept a t  four line s ta t ions  along the route  in order t o  
midmiee  the flight t h e  of a meter with an exhausted film supply. 

Supplentental information was obtained from the p i lo t  '6 reports of 
the icing  conditions. A special data sheet was made available  in the 
pilot's compartment with instructions t o  f i l l  i n  the information each 
time the  icing  indicating light from the meter detected an icing condi- 
tion. Theee data for each icing encounter  included notations of date, 
geographic location,  temperature,  altitude,  airspeed,  duration of icing, 
and any remarks concerning the type and intensity of icing and the 
effects of the  icing  conditions on the aircraft. The al t i tude and air- 
speed were included f a r  purpoees of cross  reference in correlating  the 
film data wfth the supplemental  information. This was necessazy because 
the flight crew did  not always note all icing  encounters that were i n  
sequence on the film. Also, considerable data were noted by the  pilot  
which were not recorded on the film because either the fi lm had been 
exhausted ear l ier  or the  recorder was inoperative at the time. 

Analysis of data. - A section of a  typical data film taken during 
an i c i q  encounter i e  shown in figure 4. The  f i v e  traces which appear 
on the film include  the  airspeed and altitude  traces w i t h  their  respec- 
tive  reference  lines and the- icing-rate  trace. This icing  trace  is  sham 
recorded as  a series of' variable  length dashes which correspond to   t he  
heat-off  times. The icing  rate is obtained from these  heat-off or 
sensing-element icing periods using  the  calibration sham in  figure 3 
(see e-le in fig. 4) . When the  film was analyzed,  1-minute inter-  
vals were  marked off ,  and icing  rate,  altitude, and airspeed were 
averaged  and computed f o r  each  1-minute period. Fach icing  encounter 
was identified by a break i n  the film record. It was therefore  poesible 
t o  consider  each  icing  encounter  separately and t o  associate the 
individual records with the supplemental data. 

Po w 
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The accuracy of the  icing-rate measurements was limited particularly 
at  the  highkr  rates because of the iaverse function of icing  rate t o  the 
measured icing  period as shown in the  callbration curve of figure 3. 
The maxFmum value of re l iable  data was considered to   be  12 Fnches per 
hour. Icing rates exceeding this amount w e r e  consickred beyond the 
range of the m e t e r  and are tabulated as  l2+ inches  per hour Fn tables I 
and 11. The minimum icing  rate  considered  significant was 1/2 inch per 
hour. Rates of icing between 1/2 and 1 inch  per hour were celled  traces 
of icing  andwere  not assigned a specffied value i n  order to minlmize 

asy interest .  

. 
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w the computing effor t  and yet not disregard any icing that could  be of 

The pressure  altitude was measured t o  an accuracy of &lo0 f ee t  
wing NACA standard atmosphere. This altitude was generally  within a 
few hundred feet of the mean sea-level  altitude  noted  by  the  pilot. The 
indicated  airspeed was recorded withia dit. mile,per hour although  the 
average  airspeed for a 1-minute period was calculated within only about 
e miles per hour because of the fluctuations of the t o t a l  pressure 
experienced  by  the aircraft in the air  stream. 

Most of the  icing  conations were found. t o  have large  variations of 
water concentrations  during the encounter. In many encounters long dis- 
tances of 110 icing were noted which were probably  associated  Kith . 
broken-cloud formations. In order t o  separate these  excessive  periods 
of no icing from periods  during which ice is  accumulating asd t o  provide 
a convenient  analysis of the  various  icing  conditions,  an  arbitrary 
maximum distance of about 50 miles  (about 15 mFn) between areas of i c h g  
was established.  Therefore, any period of nonicing greater than 
50 miles was considered as separating  the  icing  condition  into ind iv idua l  
icing  encounters.  This  rule  could not always be  followed  because of 
insufficient  information f o r  the determination of whether the  recorder 
had been shut off and started  again w i t h i n  th i s  maximu period. 

The data collected from the  icing  meters  installed on the  four 
transport   aircraft  and the supplemental pilot   reports were analyzed by 
following a statistical approach, although it was realized that the 
quantity of information was insufficient f o r  a conclusive  analysis of 
t h i s  type. These data have shown tha-t t h i s  type meter is satisfactory 
for a program of collecting  statist ical   icing data on a i r l i ne   a i r c ra f t  
i n  routine  service. 

During the 5-month period when data were collected, a t o t a l  of 100 - icing  encounters were logged on the data  film and in  the  pilot 's   reports.  
These data are summarized in   tables  I and 11. Table I contains  the 
information computed from the  film  records and i s  associated w i t h  the 
corresponding pilot 's   reports wherever possible. A t o t a l  of 45 encoun- 
t e r s  were correlated from these combined sowces. Table I1 presents 
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the data from encounters where film records were not  obtained  and only 
the pi lot ' s   reports  were available. These data, which are restr ic ted 
t o  v i s u a l  observations of iclng,  are  included in order t o  add t o   t he  
quantity of infomation available for the stat is t ical   analysis  of the 
frequency of occurrence of icing  with  respect  to date, geographical 
location,  altitude,  temperature, and duration of the  icing  conditions. 

The data Fn tables I and I1 should not be considered as a thorough 
investigation of the range of meteorological variables associated  with w N 

a i rc raf t   i c ing  because of the manner Fn which the data were collected. 
The aircraf t   col lect ing the data were fol lar ing normal flight  operations 
which, if possible, avoided icing, and without  exception, no aircraft 
vere  dispatched  into ham severe  icing  conditions. 

4 
P 

Frequency of Occurrence of Icing Condltions 

Tota l   f l igh t  time. - The fllght time i n  the  icing  conditions 
reported i n   t a b l e  I to t a l s  approximately 16 hours. The four   a i rcraf t  
flew a t o t a l  of U20 hours during the period when these  conditions were 
encountered. These flight times show that approximately 4 percent of 
the to t a l   f l y ing  time of the four a i r c ra f t  was in  icing  conditions. 
This  percentage may be  sl ightly lower than the true value  because  the 
t o t a l  time logged by the a i r c ra f t  was obtained for the  period  during 
w h i c h  the  f i lm drums were on the a i rc raf t .  If a drum was not  replaced 
shortly  &ter the film had been  exhausted, some icing may have been 
encountered and not  recorded. 

Geographical  area. - The tramcontinental route follared by these 
four  aircraft was essentially the c i v i l  airway across the  central  part 
of the United States from S a n  Francisco  through Denver, Colorado; 
Chicago, I l l ino is ;  and Cleveland, Ohio t o  New York city.  Th i s  route was 
divided  into  five areas i n  an  attempt to   associate  the icing encounters 
with the topography of the  geographical areas covered by t h i s  one trans- 
continental  route. The approximate mileage within  these areas, the 
correspondbg percentage of encounters with r e l a t ion   t o  the t o t a l  nunher 
of encounters  over  the  entire  route, and the percentage of t o t a l  
encounters  per mile for each mea are given in   t ab l e  III. T h i s  infor- 
mation quite  accurately  establishes the frequency of occurrence of icing 
in  theae areas with respect   to  the entire  route,  because of the  equal 
coverage provided by the  aircraft  operating only on a complete trans- 
continental basis. It will be  noted that almost one-half' of a l l  the 
icing  encounters w e r e  within  the G r e a t  Lakes region. This fact  cor- 
relates with U . S .  Weather Bureau recards which show this region t o  have 
an exceptionally large amount of cloud cove' caused by excessive moisture 
picked up by air flaring over the large lakes 8.rea during  the winter 
months. The  Rocky  Mountain area contributed  the next largest  percentage 
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A l t i t u d e .  - The probability of encountering  icing a t  any particular 
a l t i tude cannot be determined from these data because the aircraft, in 
follaring the normal flight procedures, would not properly  survey a wide 

of icing a t  the a l t i tudes  f l a m  in  order t o  consider  the data representa- 

wherever possible  wlth this type of atrcraft,  except  during climb or 
descent. The graph of figure 5 shows that icing  occurred most frequently 
between 6000 and 9000 feet and that the mximm al t i tude at which icing 
was obtained was  15,000 feet ,  a height which was limited  by the al t i tude 
restrictions of the aircraf t .  A l l  icing encountered above 9OOO fee t  was 
in the Rocky Mountains area, w h i c h  was the  result  of the higher f l i g h t  
altitudes  requfred. 

rl range of altitudes. It is of interest ,  however, t o  relate the frequency 

cu t i ve  of routine flight operations  during which icing was probably  avoided 
lc 
M 

In a further study of the  icing data w i t h  respec t   to  altitude, it 
was noted tht over  one-half of the  recorded data w e r e  obtained during 
either clinking  or descending. From these  records a measure of the 
vertical  extent,  or depth, of the icing  clouds was determined and 
plot ted  as  a cumulative  frequency  curve (fig. 6).  This curve show that 
the maximum icing  cloud  depth was about 4000 f e e t  and that for  80 per- 
cent of all the measurements the cloud  depth was less than 2200 feet. 
It is not  possible t o  determine whether these data are  for  single  cloud 
layers or whether multiple-cloud-layer d a h  are included; however, the 
values agree closely with information presented in referepce 3 fo r  the 
thiclmess of single  cloud layers. The vertical   extent of multiple  cloud 
Layers from reference 3 is plotted i n  figure 6 in order t o  canrpare the 
@;rater  extent of multiple c l o d  layers wlth the data of this report, 
which are  apparently  the  depths of single  cloud layers. The cloud- 
depth  records may not  be  entirely  correct  because of the  impossibility 
of determining whether the  aircraft   entered  or emerged f rm the  icing 
cloud a t  a point other than  the top  or  the bottom of the cloud layer. 
Further analysis of the cloud  depths shared a trend toward increased 
t h i c h e s s  with i n c r e a a a  pressure  altitude. This trend may be the 
result of orographic  effects  since a l l  measurements above 9000 f ee t  w e r e  
ent i re ly  in the Roc- Mountain area. Ho' Wormation was obtained as t o  
the types of cloud  formation that these data cover but it can probably 
be assumed, because of the seasonal aspects of t he  data, t h a t  the clouds 
w e r e  predominantly of the stratiform type. 

Probability of Encountering  Specified Values of Icing Parameters 

Temperature. - The data on air  temgerature in the icing encounters 
were obtained fram pilot' B notations using the conventional  outside air 
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temgerature  indicatur on the  aircraft .  These indicators have rather 
limited  accuracy,  particularly i n  icing claw, and the  temperature data 
tabulated  (tables I and SI) are therefore  uncorrected because of this 
uncertainty. IR the analysis of the data, however, an adiabatic  heating 
correction of -2O C was applied, which i s  approximately  equivalent t o  
the  temperature rise in w e t  air at 200 miles  per hour, the normal air- 
speed of these  aircraft. A cumulative  frequency  curve of these  data is  
plotted i n  figure 7, TJhfch shows that the lowest temperature  encountered 
was -21' C (-6' F)  and the  higheat  temperature  associated with an icing 
cloud w&s -2' C (28' F) . From this   f igure it w i l l  also be noted that i n  
80 percent of the  observations the temperatures were above -l2O C (loo F) 
and that the average of the temperatures was -5O C (23O F) .  These data 
are of fundamental Fmportance with respect  to  the  heat requirements f o r  
thermal  ice-protection systems 

f 

=?" rate.  - The average measured r a t e  of ice accumulation,  given 
in table I column 7) ,  is the average r a t e   fo r  a complete  encounter 
excluding periods of nonicing which exceeded 1 minute. Because of the 
high collection  efficiency of the meter element, this value is probably 
the maximm rate  f o r  any a i rc raf t  component subJect to  ice  accretions. 
For large bdies ,  such as w i n g s ,  the  collection may be only 30 percent 
of this value, depending on other  factors,  particularly  droplet  size and 
airspeed.. A cumulative  frequency  curve of the average icing rate as 
measured by the icing-rate meter is sham i n  figure 8. The largest 
average  icing  rate w&a about Lo inches  per hour, whereas 80 percent of 
the measurements w e r e  less than 5 inches per hour. The maximum i c ing  
r a t e  for any 1-minute period  within the encounter is given in table I 
(column 9 ) .  This value is presented  because of i ts  possible  significance 
with  respect t o  cer ta in   a i rcraf t  components  which may be  particularly 
vulnerable t o  high rates of icing for  short  periods of time. A specific 
part may be  adequately  protected f o r  a law ra te  of ice  accretion over 
comparatively long periods,  but such protection could fa i l  under  sudden 
and heavy accumulations.  Unfortunately,  about 25 percent of the maximum 
icing rates were  beyond the  reliable range of the meter (I2 in./&). 
The data, up t o  this limit, are also shown as a cumulative  frequency 
curve in figure 8 .  

Liquid-water  content. - An approxbmtion of the  liquid-water con- 
ten t  of the  icing clouds  encountered was coquted from the  icing-rate 
indications using values of 0.9 gram per  cubic  centimeter  as  the  density 
of ice  collected on the element &nd 90 percent as the collection  effi-  
ciency of the element. This collection-efficiency  value wa8 assumed 
constant f o r  the range of alrspeeds and droplet  sizes encountered. 
Liquid-water-content  values  obtained by the meter in this mer have 
been compared Fn research  flights by other means (rotating  multicyllnders) 
and were found t o  agree within 0.1 gram per cubic meter over a range of 
liquid-water  cobtent .up t o  0.5 gram per c6bic  meter. 
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The average and maximum values of liquid-water  content  given in 
table I (columns 8 and 10) were  comguted from the corresponding  average 
and maximum icing rates. A cumulative  frequency  curve of these values 
is s h m  in   f igure  9. The data  for average values of liquid-water con- 
t en t  f o r  each  encounter are shown to ccqa re  qufte closely with previous 
observations  presented in reference 3. Fromboth  sources, the average 
liquid-water  contents  per  encounter are less than 0.4 gram per c&ic 
meter Fn 80 percent of the  observations and tlie maximum values are less  
than 1.0 gram per  cubic meter. The data fo r  mxlmura values of liqpid- 
water content measured fo r  any  l-minute pericd exceed the  range of the 
meter f o r  25 percent of the  observations. The 12-inches-per-hour 1M- 
ta t ion of the maximm icing rate measured by the m e t e r  and the  true , 

airspeed of the a i rc ra f t  of s l igh t ly  over 200 miles  per hour  determine& 
the upper measurable limit of the liquid-water  content t o  be  approxi- 
mately 1.0 gram per c a i c  meter. The maximum values of. liquid-water 
content, compared with the  corresponding  average  values, illustrate the 
extremely wide raage of water content that exis ts  in most of the indi- 
vidual icing  encounters. The close  correlation of these data t o  pre- 
vious  information  obtained from limited research measurements are con- 
sidered  useful in further substantiating  the  validity of the previous 
data f o r  proper  design  considerations. More fnformtfon is needed, 
however, ' t o  substantiate  the  apparently  close agreement of these data. 
A l s o ,  with considerable additicmal data,. water contents of the  icing 
clouds  can be related t o  wide ranges of altitudes over various 
geographical areas. 

Probable  Duration of Specified  Icing Conditi'ons 

Horizontal  extent. - The duration of a gfven  icing  condition  should 
be considered  as a signifimt factor i n  the design Etnd operation of 
ice-protection systems. Previous data on the horizontal  extent .of icing 
conditions have sham as inverse  relation between the  average  liquid- 
water content and the  extent of the conditions. This inf0rma;tion was 
not  considered  comgletely  reliable  because of the unusual flight pro- 
cedures used in obtahing the data. In most cases,  the  particular 
icing  condition encountered was not surveyed t o  obtain  the  extent in 
any one direction. Many observations relied on surface  reports of the 
extent of the  cloud cover associated with the particular  icing  condition 
t o  determine the maxzmUm extent of the i c h g  clouds. The data presented 
in this report  provide a more accurate  survey of the straight-lfne 
extent of a,n icing  encounter,  although these data are  s ~ j e c t  t o  flight 
procedures which may have necessitated  deviations from straight-l ine 
flight. Th i s  information is useful in  the consideration of routine 
flight  operations  by this par t icular   a i r l ine aircraft. 
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Average values of liquid-water  content for each  encounter a re  
plotted in figure 10 against   the  total   distance flown i n  measurable 
icing  during the encounter. These data do not  define  clearly  the 
inverse  relation between liquid-water  content and horizontal  extent 
obtained from previous data. H i g h  values  of liquid-water  content  exist 
over distances  in excess of 100 miles as w e l l  as over much shorter d i s -  
tances.  Additional data may show that liquid-water  content does  reduce 
with increasing  horizontal  extent as outlined by the envelope  taken from 
reference 3. The data shown in figure 10 indicate that the  majority of 
icing  encounters w i l l  be  over  short  &Lstances  (under 50 miles). It will 
be  noted that most of the data f a l l  wi th ls  the reference envelope of 
maximum values except f o r  two points which fa l l  beyond the 125-mile- 
distance (extreme conditions). 

The actual  duration or time in  icing  conditions has been a rather 
di f f icu l t   quant i ty   to  determine from reports  received from transport  or 
airline  operations.  Pilot 's  estimates of the  extent of icing encounters 
have in many cases  been  considerably  longer than the  actual  conditions 
because of the i r   inabi l i ty   to   d i s t inguish  between intermittent and 
continuous  icing,  particularly a t  night. To determine the  re la t ion of 
the   p i lo t ' s  estimates of the e h e n t  of icing  to  the  actual  period i n  
which ice is  accumulating, the flight crews were asked t o  include  their 
judgment  of the icing time on the supglemental data sheets. These 
times are compared wi th  the corresponding measured t i m e  i n   i c ing   i n  
table I (colwrms 12 and 14). From this comparison it was found that i f  
the icing time was short  (less  than 15 min) the  pilot 's   estimate agreed 
qufte w e l l  w i t h  the actual value. If, however, the icing time was con- 
siderably longer (1/2 hr or more), the actual  duration of icing was less  
than 50 percent of the pilot 's   estimate.  This discrepancy shows the 
d i f f icu l ty  of distinguishing  intermittent  icing, which is common fo r  
prolonged icing  encounters. From the data in   t ab le  I it was S ~ S O  found 
that the  actual  time in  icing  averages  only  about 60 percent of the 
total   duration of the encounter (column 13); t h i s  substantiates  the  fact  
that most icing is intermittent and seldom continuoue  except for   short  
encounters. It should  be  noted that an icing  encounter as considered i n  
t h i s  report does not c0ntaSn periods of nanicing  greater  than  about 
15 minutes since  periods  greater  than this mount were considered as 
separate  encounters. The t o t a l  time i n  icing,  tabulated i n  table I 
(column ll), has been  reduced t o   t h e   t o t a l  tFme i n  measurable icing 
(column 12)  by the  exclusion of periods with an  icing  rate of less  than 
1 inch  per hour, which i s  considered  insignificant and therefore omitted 
i n  computing the actual time in  icing  conditions. 

Total   ice  accumulation. - The effects of an icing encounter on most 
a i r c ra f t  components are determined largely by the concentrations of 
liquid-water-encountered and the extent & t& which the  a i rcraf t  spenb 
in the  icing  area. The combination of these two variables  determines 
the t o t a l  amount of ice   tha t  any component collects,  excluding  collection 

w 
N 
4 
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* efficiency  effects. The total   ice   thickness  that would accumulate on 
the  sensing element of the icing-rate meter f o r  the  ent i re  encounter, 

largest amount of ice  that my component collects because of the hi& 
collection  efficiency of the meter sensing  element.  Multiplication of 
the average  icing rate measured by the meter  by the time i n  measurable 
icing  gives a reference  ice  thickness assumed to   co l lec t  on the sensing 
element. These total  ice-thickness  values were calculated (table I, 
column 15) and are plotted as a cumulative  frequency  curve in figure 11. 

quantity of ice accumulated was less than 2 inches  thick. In three 
cases, however, the  total   thiclmess was over 4 inches, and the mmdmm 
accumulation was s l igh t ly  over 6 inches. 

. if allowed t o   i c e  continuously,  can  be  considered a measure of the 

rl 
PC 
rr) 
Eu This curve shows that in 90 percent of the icing  encounters, the t o t a l  

The poss ib iu ty  of using the t o t a l   i c e  accumulation rneasured by 
the meter as a reference t o  establish a cr i ter ion  for  determinleg the 
over-all  effects of icing on a par t icular   a i rcraf t  was investigated by 
comparison of the t o t a l  ice  accretion values w3th the p i lo t ' s  camments 
of the icing  intensity. It is assumed that the   p i lo t ' s  judgment of the 
icing  intensity was determined largely  by his observations of the accu- 
mulations on the   a i rcraf t  and the corresponding effects on the aircraft 
performance. Most reports  by  pilots of the  icing encountered referred 
t o  the icing  conditions as trace, light, moderate, heavy, or  severe. 

The measured total ice  accumulations were aesociated with the i r  
respective flight observations and w e r e  fomd t o  separate  into  categories 
as. shown in f igure ll. The dividing l ines are only approximate but  the 
correlations were quite  consistent. Measured ice  accumullztions less 
than 1 irlch w e r e  consFdered by  pilots as traces of i ce  or, i n  m~tny cases, 
not reported. The division between reported light and moderate icing 
seems t o  be about 2 inches, w h e r e a s  heavy icing measured over 4 Fnches 
of i ce  accumulation. The one point of over 6 inches was considered 
severe i n  tha t  the pilot  requested an emergency ltanding because of the 
adverse  effects on the aircraSt. The measured values with respect t o  
these observed categories of i c a  are confFned t o  the four-engine DC- 
C-type aircraf t   wi th  which these  observations were obtafned. 

The severe  condition which caused a t o t a l  ice  accumulation of over 
6 inches was a coaibination of high average liquid-water  content 
(0.8 g/cu m) and extensive  distance flown in  the icing ( E O  miles) . The 
data on t h i s  icing  condition are summrized Fn table I as record 1, 
encounters 1 and 2. The recorded  data showed the  condition t o  be of a 
cumulus-cloud nature which caused intermittent heayy icing over rela- 
t ive ly  shor t  distances. The air  temgerature was estimated from 
radiosonde data which gave an exceptionally low temperature for  these 
high values of liquid-water  content. It i s  suspected that this encounter 
approaches the magnitude of other  encounters (Fn this same general  area) 
w h e r e  icing has been  reported as causing  considerable  adverse  effects on 
a i rc raf t  performance. 
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SUMMARY OF RESULTS 

The icing data collected by four  transport   aircraft  equipped  with 1 

pressure-type  icing-rate meters have shown that   th is   type meter i s  sat is-  
factory  for a program of co l lec t ing   s ta t i s t ica l   i c ing  data on a i r l i ne  air- 
craft  in  routine  service.  Considerable  additional data are  needed and 
w i l l  be obtained from the program  which has been expanded t o  cover many 
air routes  both  in  the United States and overseas. 

The following  preliminary results were obtained from the  four air- 
craft  operated by United Air Lines, from January  through May, 1951, i n  
routine  service  over a transcontinental  route: 

1. Approximately I$ percent  of  the  total  flying  time of the f o u r  
a i r c ra f t  w a s  i n  icing  conditions. 

2. Along the  routes  used by the   c iv i l  airways across  the  central 
par t  of the United States,  almost  one-Nlf of a l l  the  icing encounters 
were within  the  geographical  areas where the  weather is influenced by 
the Great Lakes. 

3. Over one-half of the  icing  condjtions were encountered  during 
ei ther  climbing or  descending. Measurements  of icing cloud  depth from 
these data showed tha t  maximum cloud  depths were about 4000 f ee t  and 
that 80 percent of the  icing  conditions were less  than 2200 f e e t   i n  
vertical  extent. These results  agree with previous measurements of 
single  cloud  layers. 

4. The lowest air temperature  reported i n  icing w a s  -21° C ( -6' F) , 
whereas 80 percent of the  observations were i n  akr temperatures above 
-12' C (loo F) . 

5. The average  liquid-water  content in an icing encounter did not 
exceed 1.0 gram per  cubic meter,  and 80 percent of the measurements  had 
less  than 0.4 gram per  cubic  meter. The close  correlations between these 
data and previous  observations  help to   es tab l i sh   the   va l id i ty  of the 
earlier Information. 

6. The t o t a l   i c e  accumulation from an icing encounter  (product of 
average ic ing  ra te  and duration of icing) was found t o  agree  approxi- 
mately with the  pilot 's   estimates of the  icing  intensity based on 
observation and eff,ects of the  ice  accretions on the  a i rcraf t .   Pi lot  
notations of Light  icing  usually measured less  than 2 inches of ice  
accumulation, whereas accumulations  over 4 inches were indicative of 
heavy icing and those  over 6 inches were called  severe  icing. 

Lewis Flight Propulsion  Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio 
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TABLE I - SUMMARY OF ICING DATA MEASURED BY ICING-RATE METER AND REPORTED 
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DURING  ROUTINE  AIRLINE  OPERATIONS FROM JANUARY THROUGH JUNE, 1951 
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Figure 3. - Calibration of rate of i c e  accumulation on s e n s i n g  element of 
pressure-type IcFng-rate meter at 200 miles per hour. 
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0 8 16 24 32 
Total   Ic ing  encounters ,   percent  

Figure 5. - Frequency of 1cing.encounters  with res- 
pec t  t o  a l t i t u d e s  flown d u r i n g   r o u t i n e   a i r l i n e  
operat ions.   Total   ic ing  encounters ,  100. 

(Mult iple  
c loud   layers )  t B 5 

Ver t i ca l   ex t en t  of Ic ing  c louds,  ft 

Figure 6. - Cumulative frequency of i c i n g  cloud depth obtained 
from 32 records of climbing and descending  during routine air- 
l ine   opera t ions .  
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Figure 7. - Cumilatlve frequency of a i r  temperature in icing cloud13 
obtaFand Fram 83 observations during routhe airline operations. 
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Icing rate, in.b 
Figure 8 .  - C d a t i v e  frequency of average and maximum ic ing  ra te  in 

44 icing encounters measured by pressure-type  iclng-rate  meters 
i n s t a l l ed  on a i r l l n e   a i r c r a f t .  
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25 

Figure 9. - Cumulative frequency of average end maximum 
liquid-water  content  calculated from icing  rates in 44 
icing  encounters measured by icing-rate  meters  installed 
on a i r l ine   a i rc raf t .  . 
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Figure 10. - l&xjm.ra distances flwn in measurable icing conditions k3ng rout- airline operations in rela- 
tion t o  avermge liquid-vater content calculated froln icing-rate metera. 
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